Helicobacter pylori is the major causative agent of chronic antral gastritis and is thought to be involved in the pathogenesis of mucosa-associated lymphoid tissue lymphoma (MALToma) developing in the human stomach. The aim of this study was to clarify whether corporal autoimmune gastritis (AIG), which is known to decrease acidity due to destruction of parietal cells, predisposes mice to H. pylori infection, thereby leading to MALToma-like pathology. BALB/c mice in which AIG had been induced by thymectomy 3 days after birth (AIG mice) were used. The AIG mice were orally administered mouse-adapted H. pylori at the age of 6 weeks and were examined histologically and serologically after 2 to 12 months. The results were compared with those obtained from uninfected AIG mice and infected normal mice. Germinal centers were induced in the corpus in 57% of the H. pylori-infected AIG mice, which elicited anti-H. pylori antibody responses in association with upregulation of interleukin-4 (IL-4) mRNA. In these mice, parietal cells remained in the corpus mucosa. These findings were in contrast to those with the uninfected AIG mice: fundic gland atrophy due to disappearance of parietal cells associated with upregulation of gamma interferon, but not IL-4, mRNA and no germinal center formation in the corpus. These observations suggest that AIG alters the infectivity of H. pylori, leading to MALToma-like follicular gastritis, at an early stage after H. pylori infection.
Helicobacter pylori is a gram-negative bacterium which is considered to play an etiological role in the development of chronic atrophic gastritis, peptic ulcer, gastric cancer, and lymphoma (26, 31) . Penetration into the epithelial mucus layers seems to permit the successful proliferation of this bacterium in an acidic environment (4, 16) . Epidemiological evidence supporting the possibility that Helicobacter infection may be one of the essential preconditions for gastric cancer and mucosa-associated lymphoid tissue lymphoma (MALToma) (6, 33) has also accumulated.
It was recently reported that in Mongolian gerbils, which are known to develop duodenal ulcer and intestinal metaplasia in response to an ordinal strain of H. pylori (10) , 37% of the animals infected with a gerbil-adapted human H. pylori strain developed gastric cancer (32) . Such a disease model has not yet been established in mice. However, it is well known that the antrum (not the corpus) is preferentially infected with Helicobacter (3, 5, 8, 18, 28) , suggesting that local factors, including pH, may influence Helicobacter infection in mice.
Unlike type B gastritis, type A atrophic gastritis, which develops in the corpus mucosa but not in the antrum, is a typical organ-specific autoimmune disease (30) which is known to produce autoantibodies to some molecules, including H ϩ ,K ϩ -ATPase and intrinsic factor (12, 19) . Murine autoimmune gastritis (AIG), spontaneously occurring in BALB/c mice subjected to thymectomy (Tx) 3 days after birth (d3-Tx mice), is induced by CD4 ϩ T cells (29) belonging to the Th1 subtype (22) . Murine AIG shares many pathological and clinical features with human type A gastritis, such as mononuclear cell infiltration and the destruction of parietal cells in the corpus in association with an increase of mucus pH (14, 29) . The corpus glands in these mice with AIG (AIG mice) are replaced by mucous neck cells, usually resulting in epithelial hyperplasia. Acidity in these hypertrophic lesions is markedly decreased compared to that in normal areas when measured by using test papers. Even in BALB/c mice, which are known to be low responders to Helicobacter (5, 8, 18, 28) , an environment where the local pH becomes higher than that under physiological conditions may allow the preferential colonization of Helicobacter in the corpus mucosa, resulting in lymphoproliferative responses, intestinal metaplasia, or carcinoid reactions. The present study was undertaken to determine whether AIG predisposes mice to Helicobacter infection, thereby preferentially leading to a pathological change similar to MALToma. The d3-Tx BALB/c mice were monitored by immunohistological and serological methods for the production of antiparietal cell autoantibodies, which are known to correlate well with histopathological changes. Autoantibody-positive mice were infected with H. pylori which had been adapted for mice (32) at the age of 6 weeks. At intervals between 2 and 12 months after infection, histopathological and immunohistochemical examinations of the stomachs were carried out in parallel with serological analysis for antibody production in response to both parietal cells and H. pylori.
MATERIALS AND METHODS
Mice and Tx. Male and female BALB/c.Cr.Slc mice were bred in the Facility of Experimental Animals at the Faculty of Medicine, Kyoto University, under specific-pathogen-free conditions. Neonatal Tx was performed 3 days after birth (d3-Tx) under ether anesthesia, as described previously (19) .
Bacteria. The inoculated H. pylori strain, TN2FG4 (CagA and VacA positive), which was isolated from a patient, was kindly provided by M. Nakao (Pharmaceutical Research Division, Takeda Chemical Industries Ltd., Osaka, Japan) (32) . It was maintained in Blood Agar Base no. 2 with horse serum (5%, vol/vol) containing amphotericin B (2.5 mg/liter), trimethoprim (5 mg/liter), polymixin (1,250 IU/liter), and vancomycin (10 mg/liter). Plates were incubated in a microaerophilic atmosphere at 37°C for 48 h.
Infection. Forty-eight 6-week-old anti-parietal cell antibody-positive d3-Tx mice were orally infected with 10 9 H. pylori organisms. Another 30 d3-Tx mice were given saline as a control group. Thirty age-matched non-Tx normal mice were also maintained in the same animal care room as a negative control group. In a preliminary study, the infectivity of H. pylori (TN2GF4) was studied by using the bacterial culture system of a whole stomach as described previously (32) .
Serological examination. At 6-week intervals after the Tx, sera were tested for immunofluorescence to detect antibody to parietal cells by using frozen sections (6 m) of normal stomach, as described previously (19) . Sera were also examined by an enzyme-linked immunosorbent assay (ELISA) with extracts prepared from the normal gastric mucosa as an antigen, as described in detail elsewhere (19) . Antibodies against H. pylori were measured by ELISA. Antigens were extracted by sonication of bacteria in NP-40-Tris-buffered saline (pH 7.4, 0.01 M). Either gastric or bacterial extracts were diluted with phosphate-buffered saline at 50 to 100 g/ml, and 0.1 ml of each extract was plated. As a control, phosphatebuffered saline was plated instead of the extract. After overnight incubation at 4°C, 0.1 ml each of the serially diluted sera separated from infected or uninfected mice was plated, followed by incubation at room temperature for 1 h and washing. Horseradish peroxidase-labeled goat anti-mouse immunoglobulin (Ig) (Cappel, Durham, N.C.), diluted at a predetermined concentration, was added to each well. After a 1-h incubation, each well was reacted with a substrate (oaminobenzidine) solution for 15 min after rigorous washing. The reaction was terminated with 25 l of 2 M H 2 SO 4 , and the absorbence at 500 nm (A 500 ) was determined with an ELISA reader. In one experiment, antibodies against each Ig class and subclass were used as inhibitors to determine the classes of the antiparietal cell and anti-Helicobacter antibodies.
Histological examination. The stomachs, regional lymph nodes, and spleens of the infected and control mice were fixed in 10% formalin (or, in some experiments, Carnoy's solution), embedded in paraffin, sectioned, and stained with hematoxylin-eosin or Giemsa stain. The degree of gastritis, estimated by mononuclear cell infiltration and the development of fundic gland atrophy due to the loss of chief and parietal cells in the corpus, was determined by using the modified Sakagami semiquantitative scoring system (27) , in addition to follicle formation, as follows: 0, no increase in inflammatory cells, no fundic gland atrophy, and no appearance of secondary follicles; 1, scattered infiltration of the lamina propria by lymphocytes and some eosinophils, mild fundic gland atrophy, and one to three follicles in the entire area of each section; 2, moderately dense infiltration of the lamina propria by lymphocytes, plasma cells, eosinophils, and some histiocytes, moderate fundic gland atrophy, and four to six follicles; and 3, dense and massive infiltration of lymphocytes, plasma cells, some eosinophils and histiocytes, severe fundic gland atrophy, and more than one follicle per visual field when observed at a magnification of ϫ10. The data for each histological score were expressed as mean score Ϯ standard error.
Measurement of local pH. The local pH in the corpus areas of stomachs of normal and d3-Tx AIG mice, either infected or uninfected, was measured with test papers (CombiStick; Sankyo Pharmaceutical, Tokyo, Japan).
Immunohistochemical examinations. Frozen sections (6 m thick) prepared from each stomach were stained by the sandwich technique, using monoclonal antibodies against CD4 (GK1.5; PharMingen, San Diego, Calif.) and CD8 (KT15; Serotec, Oxford, United Kingdom) for T cells, B220 (RA3-6B2; Cederlane, Hornby, Ontario, Canada) for B cells, and Mac-1 (M1/70; PharMingen) for macrophages as the first antibodies and horseradish peroxidase-labeled goat anti-rat IgG or anti-rabbit Ig (Cappel) as the second antibody.
Preparation of DNA. The samples were immediately frozen in liquid nitrogen and stored until DNA extraction. Total DNA was extracted with a DNA extraction solution, SEPAGENE (Sanko Junyaku Co., Tokyo, Japan).
PCR. PCRs were performed with a mixture of 100 ng of extracted DNA, 20 mM Tris-HCl (pH 8.4), 50 mM MgCl 2 , a 200 mM concentration of each deoxynucleoside triphosphate, and a 30 pM concentration of each specific primer. The two primers HPU1 (5ЈGCCAATGGTTAGTT3Ј) and HPU2 (5ЈCTCCTT AATTGTTTTTAC3Ј) amplified a 411-bp product from the urease A gene, which is one of two genes encoding the urease of H. pylori (22) . The reaction conditions were as follows: denaturing at 94°C for 1 min, annealing at 45°C for 1 min, and extension at 72°C for 1 min. The reaction was carried out for 35 cycles in a Gene Amp PCR system 9600 (Perkin-Elmer Cetus, Norwalk, Conn.).
Southern blot analysis. To confirm the amplification of the appropriate DNA fragments, the PCR products were electrophoresed in a 1% agarose gel and transferred to a nylon membrane (Hybond-N ϩ ; Amersham, Buckinghamshire, United Kingdom). The membrane was hybridized at 65°C in hybridization buffer, and a 32 P-labeled cDNA probe was made from the PCR products amplified by the HPU1 and HPU2 primers of H. pylori (TN2FG4). After a 16-h hybridization, the products were washed twice in 2ϫ SSC (1ϫ SSC is 0.15 M sodium chloride plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate at room temperature and twice for 30 min in 0.1ϫ SSC-0.1% sodium dodecyl sulfate at 65°C, before being subjected to autoradiography. Total 32 P radioactivity was estimated with a BAS 2000-II imaging analyzer (Fuji Photo Film Co., Tokyo, Japan).
RT-PCR. To analyze cytokine gene expression by the reverse transcriptase (RT) PCR method, total RNA was extracted with an RNA extraction solution, ISOGEN (Nippon Gene, Tokyo, Japan), from the five pooled murine stomachs. It was reverse transcribed into DNA with the Super Script preamplification system (GIBCO BRL, Life Technologies, Inc., Rockville, Md.). The total RNA in the reaction mixture was heated at 42°C for 50 min and at 70°C for 15 min and then chilled on ice. PCR was performed with a mixture of cDNA, 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 2.5 mM MgCl 2 , a 200 mM concentration of each deoxynucleoside triphosphate, a 50 pM concentration of each specific primer, 
RESULTS

Histopathology.
The results of the histopathological studies of the gastric mucosa are summarized in Tables 1 and 2 . Approximately 65% of the uninfected d3-Tx mice developed severe inflammation in the corpus, with no or only weak inflammation in the antrum mucosa ( Table 1) . As has been reported previously (23) , mononuclear cell infiltration appeared in the lamina propria of the corpus mucosa 1 month after d3-Tx in association with the production of autoantibodies to parietal cells. At 2 to 3 months after d3-Tx, the inflammatory cells expanded along the glands and there was destruction of the parietal and chief cells, resulting in glandular atrophy which was replaced by proliferating mucous neck cells (Fig. 1a) . No germinal centers were observed, and the diffusely or massively infiltrating cells consisted mainly of lymphocytes and a few other cell types, including plasma cells and macrophages. The mean local pH in 24 AIG mice was 4.3 when measured with test papers, while that in the normal corpus glands was consistently less than 2.
Compared to that in the uninfected d3-Tx mice, the mononuclear cell infiltration in the H. pylori-infected d3-Tx mice was often massive and localized at the bottom of the lamina propria in the corpus mucosa. Such a histological feature in these infected mice resulted in no significant difference in mononuclear cell infiltration score compared to the uninfected mice (Table 1 ). In addition, in the H. pylori-infected d3-Tx mice, secondary follicles developed in the corpus mucosa in many instances (in 4 of 5 mice at 2 months, 7 of 12 mice at 4 months, 7 of 11 mice at 6 months, and 5 of 10 mice at 12 months after infection) (Tables 1 and 2 and Fig. 1b and c) . Lymphoepithelial lesions (LEL) and massive infiltration of plasma cells (Fig. 1d , arrows) were often found in and around the mantles of germinal centers (Fig. 1c, arrows) in some of these mice. These findings were not present in the uninfected d3-Tx mice. In total, approximately 60% (23 of 38) of the infected d3-Tx mice exhibited follicular gastritis ( Table 1) .
As seen in Fig. 1a , the atrophy of the fundic glands accompanied by loss of parietal cells, which was characteristic of uninfected d3-Tx mice, was not observed in the infected d3-Tx mice, whose parietal cells were usually well preserved or recovered (Fig. 1b, arrowheads) . The development of follicular gastritis in association with a recession of the gland atrophy, which was the most characteristic feature in the infected d3-Tx mice, was also well demonstrated by the semiquantitative atrophy scores ( Table 2 ). The atrophy scores in non-follicleforming d3-Tx mice infected with H. pylori (for 4-and 6-month infections) were significantly higher (2.5-to 3.0-fold on average) than those in follicle-forming infected d3-Tx mice.
In a small number of mice (2 of 10 at 12 months after infection), the surface of the epithelium overlying lymphoid aggregates was markedly hyperplastic. The surface epithelia of these mice were invaginated into the submucosae, resulting in (Fig. 1g) . The phenotypes of the infiltrating mononuclear cells in the body mucosae of d3-Tx mice uninfected or infected with H. pylori were analyzed by immunoperoxidase staining for CD4, CD8, Mac-1, and B220. A major portion of the lymphocytes infiltrating the gastric mucosa in both groups of mice for up to 12 months during the study were CD4 ϩ T cells, while a small number of CD8 ϩ cells appeared in the later stages. Although H. pylori infection did not significantly alter the distribution pattern of T cells, the most characteristic change was follicle formation with B cells, which were stained by B220 (Fig. 1h, i , and j). Mac-1 was detected on some infiltrating cells, including macrophage-like cells, in the inflammatory lesions of the H. pylori-infected and uninfected d3-Tx mice but not in the mucosae of the normal control mice (data not shown).
Infection with H. pylori. In a culture study using a whole stomach, bacterial counts were not significantly different for non-Tx BALB/c mice (n ϭ 6; 2.0 Ϯ 0.5 log CFU/whole gastric wall) and AIG mice (n ϭ 6; 2.3 Ϯ 1.1 log CFU/whole gastric wall) 8 weeks after H. pylori infection. However, bacterial aggregates were frequently observed in the antrum, but few were observed in the corpus, of H. pylori-infected non-d3-Tx BALB/c mice. In contrast, aggregates of microorganisms were observed on the surface of the corpus and antrum mucosae in the experimental mice (Fig. 1i) . Colonization by H. pylori was confirmed by PCR and Southern blot analysis for the urease gene A with DNA extracted from the gastric mucosa of each infected mouse, as shown in Fig. 2 . Urease A genes were positive in all of the five AIG mice infected with H. pylori after 4 months but not in the pooled stomachs of the age-matched AIG or normal uninfected mice. No H. pylori infection was observed in 18 uninfected normal BALB/c mice during the period of the experiment when tested by PCR (data not shown).
Serology.
The kinetics of the autoantibody responses measured by ELISA, with gastric extract as the antigen, in mice selected by indirect immunofluorescence staining for anti-parietal cell autoantibody 6 weeks after d3-Tx treatment were consistent with those measured by immunofluorescence staining. All of the H. pylori-infected AIG mice maintained significantly high levels of anti-parietal cell autoantibody compared with the normal mice 2 to 12 months after H. pylori infection (data not shown). These d3-Tx mice also showed significantly high anti-H. pylori antibody responses 4 months after the infection compared to the H. pylori-infected non-Tx normal mice. Table 3 shows a comparison of the A 500 values of sera, diluted 1:40, from the germinal center-positive and -negative mice. Although the difference was not statistically significant, there was a tendency for germinal centers to be formed in mice showing relatively high anti-H. pylori responses. In addition, the levels of anti-H. pylori antibody in serum in both the germinal center-positive and -negative d3-Tx mice were significantly higher than those in the uninfected d3-Tx and non-Tx mice and in the infected non-Tx mice after 4 months. These findings, together with those for the urease gene (Fig. 2) , indicate the successful infection by H. pylori of BALB/c mice with AIG. However, levels of anti-parietal cell antibodies in serum in AIG mice generally decreased after H. pylori infection (data not shown).
Cytokine messages. The expression patterns of the landmark cytokine mRNAs which identified the Th1 and Th2 subtypes of the infiltrating CD4 ϩ T cells were determined by RT-PCR. As shown in Fig. 3 , IFN-␥ was expressed in all of the non-H. pylori-infected d3-Tx mice tested at 5.5 months of age, whereas no IL-4 message was detected in these mice. In contrast, both IFN-␥ and IL-4 were expressed in the age-matched d3-Tx mice at 4 months after H. pylori infection.
DISCUSSION
Severe fundic gland atrophy due to the loss of parietal and chief cells is one of characteristic features observed in d3-Tx AIG BALB/c mice (23) . The present findings showed that oral administration of murine-adapted H. pylori to these d3-Tx AIG BALB/c mice caused marked changes in the pathology of the gastric body. The most characteristic feature was germinal center formation in the corpus mucosa in association with the persistence of parietal cells, similar to that seen in low-grade MALToma in humans (11, 33) . It has been reported that longterm (22 month) infection with Helicobacter felis in normal BALB/c mice induced MALToma-like lesions in the gastric mucosa (5) . However, the histological changes observed in the present study occurred 2 to 4 months after infection in d3-Tx BALB/c mice with AIG. Susceptibility to Helicobacter infection in mice is dependent on at least two types of factors: local and host. H. felis preferentially colonizes in the antrum, antrum-body border, and cardia, where local acid production is low, while it barely colonizes in the body, where acid production is high (3). Thus, local acid production appears to be crucial for Helicobacter infection in the stomach. The local pH in the corpus mucosae of the present d3-Tx AIG mice was higher (by approximately threeto sixfold) than that in the normal corpus glands (less than twofold). This seems to allow the successful colonization of H. pylori, resulting in the development of H. pylori-induced diseases in these mice. A recent report that anti-H ϩ ,K ϩ -ATPase autoantibody is detected in a high proportion of H. pyloriinfected patients (2) is consistent with our observation.
Another factor is linked to the genetic background of the host. The severity of Helicobacter-associated gastritis differs between mouse strains. The intensity of inflammation is severe in C57BL/6J and C3H mice and weak in BALB/c mice (5, 8, 18, 28) . These observations suggest possible contributions of major histocompatibility complex (MHC) and non-MHC genes to Helicobacter-induced inflammation. The involvement of MHC genes in the pathogenesis of Helicobacter-induced gastric diseases could be supported by the differences in immunological functions between C57BL/6J and BALB/c mice. C57BL/6J mice are known to show Th1-dominated responses, while BALB/c mice show Th2-dominated responses, to intracellular infections such as that with Leishmania major (9) . It has been reported that the Th1 response is associated with the pathogenesis of Helicobacter-induced diseases and that the Th2 response is associated with protection from or control of the infection (17) . These associations may explain the difference in susceptibility to H. pylori between C57BL/6J and BALB/c mice and the induction of intensive B-cell responses in the corpus mucosae of AIG BALB/c mice. The high anti-H. pylori antibody responses and the expression of urease mRNA indicate the successful colonization of H. pylori in the corpus mucosae of infected AIG mice, leading to intensive B-cell responses.
Th1 plays a cardinal role in the induction of various organspecific autoimmune diseases (20) , including AIG in d3-Tx BALB/c mice (27) . However, it has also been shown that a high level of anti-parietal cell autoantibodies is produced in association with tissue damage in these mice (19) , indicating that both Th1 and Th2 cells are activated in these mice at the same time. It is now well established that Th1 and Th2 follow distinct developmental pathways in response to quite different stimuli (21) . As reported in our previous article (13) , the IFN-␥ message, which is a marker for Th1, was detected in the corpus mucosa of d3-Tx AIG mice, while the IL-4 message, which is a marker for Th2, was not found in the corpus but was present in the regional lymph nodes of these mice. This indicates that the Th1 response dominates in the corpus, where gastritis develops. The results of this study demonstrated that H. pylori infection caused changes in IFN-␥ and IL-4 production in d3-Tx AIG mice. Intensive B-cell responses associated with germinal center formation were induced by H. pylori infection. Corpus gland atrophy, possibly caused by Th1 killers (17, 23) , and the persistence of parietal cells in these H. pylori-infected d3-Tx mice would be indicative of the mutual exclusion of Th1 and Th2 functions (7) . One explanation is that Th2 responses to H. pylori expanding in the corpus of AIG mice suppress the functions of parietal cell-specific Th1 effectors. IL-4, which was upregulated in the corpus mucosa, is reported to be critical for germinal center formation (1) . The gene expression of IL-10 and lymphotoxin-␣, both of which are known to be involved in germinal center formation (15, 25) , is upregulated in the gastric mucosae of H. pylori-infected d3-Tx AIG mice but not in those of uninfected mice (unpublished data).
The monoclonality of Igs is regarded as a feature of lymphoma, including human MALToma (24) . Further investigations on this subject are in progress. However, our results demonstrate that follicular gastritis similar to low-grade MALToma-like lesions develops in the stomachs of d3-Tx AIG mice at an early stage after H. pylori infection and at a high frequency. This seems to represent a suitable murine model for investigating the role of Helicobacter in MALToma induction. . Saline or H. pylori was administered to each AIG mouse at the age of 6 weeks. Total RNAs were extracted from the mucosae of the five pooled stomachs, and RT-PCR was carried out as described in Materials and Methods. Five individual mice were tested for each group. n.c, negative controls without template DNA; p.c, positive controls with mRNAs isolated from Th1 clone cells (no. 16) for IFN-␥ and Th2 clone cells (D10.G4.1) for IL-4. G3PDH, glyceraldehyde-3-phosphate dehydrogenase.
